Abstract: A heavily germanium-doped (Ge-doped) silica fiber with a four-layer refractive index profile is proposed to obtain all normal flat dispersion property. The waveguide dispersion in the fiber can be modified by adjusting the fiber parameters, including the refractive indices and the core radiuses. As a result, the flat normal dispersion in the fiber can be obtained in the wavelength range of 1540-2600 nm, where the values of the dispersion slope are between À0.0058 and 0.03 ps/nm 2 =km. Furthermore, the numerical results show that the flat-top supercontinuum spectrum ranging from 1000 to 2600 nm can be generated by launching pump pulses at the wavelength of 1550 nm in the heavily Gedoped fiber with a four-layer refractive index profile.
Introduction
Supercontinuum (SC) generation in all-normal dispersion fiber (ANDF) has gained much attention due to the perfect coherent properties, which is of particular importance for time-critical applications such as optical coherence tomography [1] , nonlinear microscopy [2] , and ultra-short pulse generation [3] . Furthermore, the experimental and theoretical results show that the ANDF with a flat dispersion profile is desired to obtain the broadband flat-top SC spectra, which is especially critical for the application in time-resolved measurements [4] . Recently, the coherent SC generation in ANDF were experimentally demonstrated in the visible and near infrared wavelength ranges [5] - [9] and 900-2300 nm [10] . The ANDF with a flattened convex profile of the dispersion can be realized based on the typical photonic crystal fiber (PCF) with the regular triangular air-hole cladding [5] , [7] - [9] , [11] . The dispersion profile can be further flattened for the PCFs with a triangular hybrid core region [12] ; inner air-hole rings in the core area [13] , [14] ; a square-lattice cladding [15] ; or a hybrid cladding [16] . However, the dispersion property of the air-glass PCF is sensitive to the structural distortion because of the large air/glass refractive index difference. For this reason, producing the air-glass PCFs with desired dispersion profiles requires an accurate control of geometric parameters, which is very difficult during the fiber fabrication process, especially for the PCF with a complex structure of air-hole cladding. Recently, it was experimentally demonstrated that all-solid, low index contrast fibers with a tailored dispersion profile and high nonlinearity can provide an efficient way to reduce the difficulties in the fiber fabrication process. The all-solid soft glass PCF with a flattened normal dispersion in the wavelength range of 1.5-2.5 m was used to generate a coherent SC spectrum spanning 900-2300 nm [10] , [17] . The lead silicate fiber with a W-type index profile exhibits a near zero flat dispersion profile in the 1.55 m region, where the nonlinearity coefficient can be as high as 0.82 W À1 =m because the nonlinearity refractive index of glass SF57 is higher than that of silica by 20 times [18] . Furthermore, the flat dispersion profile around other desired wavelength region of interest can be obtained by tuning geometric parameters of the fiber and a proper selection of core and cladding glasses [19] . However, the lead silicate W-type fiber is not suitable for coherent SC generation with the spectral width of more than one octave because of the limited wavelength bandwidth of the flat dispersion region.
In this paper, an approach based on the heavily Ge-doped silica fiber with a four-layer refractive index profile as shown in the Fig. 1 is proposed to obtain the flat normal dispersion in the fiber. It has been experimentally demonstrated that the germanium concentration in the silica fiber can be increased from 30% to 100% [20] - [23] , which provides an additional degree of freedom for optimizing the waveguide dispersion in the fiber.
Theory for the Simulation
The refractive index dispersion for the Ge-doped silica is given by the Sellmeier dispersion equation [24] 
where n is the refractive index of Ge-doped silica; is the wavelength in a vacuum; and SA i , Sl i , GA i , and Gl i are the Sellmeier coefficients for the SiO 2 and GeO 2 glasses, respectively. The value of X is the GeO 2 concentration in mol%. The total dispersion includes the contributions of the material dispersion and waveguide dispersion. Since the material dispersion of the Ge-doped silica is included when solving the wave propagation equation by using the full-vectorial finite element method (FVFEM) solver Comsol, the group velocity dispersion (GVD) can be written as where n FM ðÞ is the effective index of the fundamental mode (FM) at the operating wavelength . c is the velocity of light in a vacuum. Since the intensity of the FM distributes in the Ge-doped silica areas with the different nonlinearity refractive index (NRI) n 2 ðx; yÞ, the nonlinearity coefficient ðÞ can be defined as [25] ðÞ ¼ 2
where j E t ! j is the magnitude of the electric field vector E t ! in the x and y directions. The NRI n 2 in the fiber is ð2:16 þ 0:033X Þ, where the unit is 10 À20 m 2 =W [26] , [27] . The confinement loss of the modes in the fiber with a four-layer refractive index profile can be defined by
where Imðn eff Þ represents the imaginary part of the effective index of the modes. Additionally, the absorption loss including Rayleigh scattering and infrared absorption in GeO 2 fiber is given by [23] L A ¼ 2:3= 4 þ 0:4 Â 10 11 expðÀ58=Þ; 1 Â 10 À3 dB/m:
Consequently, the total loss L total is the sum of the confinement loss L C and absorption loss L A . The evolution of the pulse envelope in the fiber can be described by the generalized nonlinear Schrödinger equation (GNLSE), which is given by [28] 
where Aðz; T Þ represents the slowly varying pulse envelope in time domain, T is the retarded time for a comoving frame at the envelope group velocity 1= 1 , is the linear loss, k are the dispersion coefficients associated with the Taylor series expansion of the propagation constant ð!Þ around the center frequency ! 0 . In the process of solving GNLS, the dispersion operator in the frequency domain is applied through multiplication of the complex spectral envelopeÃðz; !Þ by the operator ð!Þ À ð! À ! 0 Þ 1 À 0 . The time derivative term on the right-hand side models the dispersion of the nonlinearity, which is associated with the effects of self-steepening and optical shock formation, characterized by a time scale shock ¼ 1=! 0 . The nonlinear response function RðT Þ ¼ ð1 À f R ÞðT Þ þ f R hRðT Þ includes both instantaneous and delayed Raman contributions. The fractional contribution of the delayed Raman response to nonlinear polarization f R is 0.18. In the fiber core with a high GeO 2 concentration, the Raman response term h R ðtÞ is given by [29] 
where the time constants s and v are related to the frequency of the "phonon" and the attenuation of the network of vibrating atoms for GeO 2 , respectively. The values of s and v are taken to be 12.2 and 83 fs, respectively. ÂðT Þ is Heaviside step function.
In the following simulations, the initial pulse is set to be a Gaussian pulse
, and T FWHM is the full width at half-maximum (FWHM) pulse duration. The peak power P 0 can be obtained by P 0 ¼ 0:94E 0 =T FWHM , where E 0 is the pulse energy.
Numerical Results and Discussions

Dispersion and Nonlinearity Coefficient
According to the Sellmeier dispersion equation [24] , the material dispersion in the Ge-doped silica can be calculated and described in Fig. 2(a) . The numerical results show that the zero dispersion wavelength (ZDW) for the heavily Ge-doped silica shifts toward longer wavelength regime with increasing the germanium concentration X . When X ¼ 100 mol%, the corresponding ZDW is 1730 nm, which is located 470 nm away from the ZDW of the pure silica [24] . Moreover, it can be seen in Fig. 2(b) that the refractive index difference between the Ge-doped silica and pure silica can reach up to 0.14 over the wavelength ranging from 800 to 2700 nm. Compared with the fiber based on the air-silica structure, the red shift of the ZDW and selectable refractive index difference are helpful to obtain a broad and flat normal dispersion profile within the near infrared regime.
First, the influence of the refractive index distribution on the dispersion is analyzed with the constant geometric parameters as shown in Fig. 3 . Assuming n a ¼ nðX ¼ 100 mol%Þ, one can see that the maximum dispersion shifts toward the normal dispersion regime with increasing the value of n b in Fig. 3(a) . At the same time, the absolute values of the DðÞ on the longer wavelength side decrease. As a result, the dispersion profile (red curve) can be flattened in the wavelength range of around 1500-2600 nm. During the process of the SC generation, a low absolute value of the GVD at the maximum dispersion wavelength (MDW) can lead to a depletion of the mid-section spectrum via the effect of four wave mixing (FWM). When increasing the absolute value of the GVD at the MDW, the flat-top SC spectrum can be obtained. However, the wavelength bandwidth of the generated SC spectrum decreases with an increase of the absolute value of the GVD [4] . Consequently, it is necessary to adjust the value of the GVD at the MDW in the fiber for a broadband flat-top SC generation. As shown in Fig. 3(b) , the value of DðÞ in the wavelength range of 1500-2300 nm can be modified without a degradation of the dispersion flatness by an appropriate choice of the value of n c . In Fig. 3(c) , one can see that increasing the value of n d can lead to lowering the dispersion profile especially at the longer wavelengths.
Moreover, Fig. 4 shows the influence of the deviation of the geometric parameters on the dispersion profiles in the fiber. It can be seen that when the values of r 1 are changed by AE2% or AE5%, the variations of the dispersion curves in both cases are larger than those when the other parameters are changed. The reason is that the intensities of the FMs mostly distribute in the inner core with the radius of r 1 . Furthermore, the variations in the dispersion DðÞ induced by the deviations of the radius r 1 in the former case are below 3.24 ps/nm/km, which is lower than 8.55 ps/nm/km corresponding to the latter case. The results imply that the deviations from the desired geometric parameters needs to be carefully controlled within AE2%, especially for the radius r 1 .
So far, n a is set to be nðX ¼ 100 mol%Þ. When the germanium concentration X corresponding to n a decreases from 100 mol% to 60 mol%, the other parameters including the refractive indices and core radiuses are adjusted accordingly so that the values of the GVD at the MDW remain unchanged as shown in Fig. 5(a) . One can see that the dispersion profile is blue-shifted with decreasing the value of n a . The reason can be understood by noting that the ZDW of the material dispersion for the Ge-doped silica shifts toward the blue side with reducing the concentration X as shown in Fig. 2(a) . Furthermore, the dispersion slope curves corresponding to the dispersion cures in Fig. 5(a) are presented in Fig. 5(b) . For the curve A, the values of the dispersion slope over the spectral range 1540-2600 nm are between À0.0058 and 0.03 ps/nm 2 =km. When decreasing the values of n a , the wavelength range with the dispersion slope below 0.03 ps/nm 2 =km decreases and has a blue shift. These results indicate that, the heavily Ge-doped fibers with proper choices of geometric parameters of the fiber and germanium concentrations can exhibit much broader wavelength bandwidth of the flat dispersion region compared with the W-type fibers in [18] and [19] . Both the shape of the dispersion profile and flat dispersion wavelength region are similar to those of the soft-glass PCF in [10] . It implies that the heavily Ge-doped fiber presented here can offer an interesting way to realize coherent SC generation because of the simple fiber structure and broadband range of the flat normal dispersion. Moreover, as shown in Fig. 6 , the mode effective areas A eff of the FM increase with the wavelength. For this reason, the nonlinearity coefficients decrease with increasing the wavelength. When the wavelength is 1550 nm, the nonlinearity coefficients for all the five curves are more than 0.0096 W À1 =m, which is lower than that of the W-type fiber in [18] because of the large A ef f of the FM and relatively low nonlinearity refractive index in Ge-doped silica.
Loss of the Modes in the Fiber
Both the confinement loss and absorption loss are taken into account in Fig. 7 . It can be seen that, when the wavelengths are > 1500 nm, the confinement losses of the first high order modes increase rapidly with wavelengths. For this reason, the total losses of the first high order modes are much higher than those of the FMs. For example, as shown in Fig. 7(a) , the values of L total at the wavelength of 1550 nm are 0.0004, 0.15, 0.19, and 0.23 dB/m for the modes HE 11 , TE 01 , TM 01 , and HE 21 , respectively. In Fig. 7(c) , the corresponding values of L total at the wavelength of 1550 nm are 0.0004, 11.7, 13.3, and 18.1 dB/m, respectively. The difference of losses between the FMs and high order modes can be further increased by bending the fiber with a proper bending radius. For this reason, a single-mode operation in the fiber at wavelengths > 1500 nm is feasible. When the wavelengths are G 1300 nm, the absorption losses dominate in the total losses for both the FMs and first high order modes. In this case, the fiber supports a multimode operation at wavelengths G 1300 nm. However, if only the FM is pumped by a proper input optical field, the dominant nonlinear mechanisms only result in a power transfer from the FM into the high order mode LP 02 ðHE 21 Þ at the pump wavelength [30] . For the heavily Ge-doped fiber with the parameters in Table 1 , the high order mode LP 02 ðHE 21 Þ is cut off at the pump wavelength of 1550 nm. As a result, when only the FM in the fiber is excited at the pump wavelength, the SC can be generated in the FM with negligible power transfer between the FM and high-order modes.
Flat-Top SC Generation
The spectra and temporal evolution with the propagation distance are shown in Fig. 8(a) . It can be seen that in the initial stage the blue side of the self phase modulation (SPM) generated spectrum can extend to around 1200 nm, and then, these high frequency components act as Table 1 . Table 1 . Table 1. pumps in the subsequent FWM process. As a result, the spectral sidelobe as the FWM products appears in the vicinity of the wavelength of 1000 nm with further propagation. Additionally, on the long wavelength side the spectrum generated by SPM combined with the effect of the stimulated Raman scattering (SRS) can extend to 2500 nm. For lasing in the 1550 nm window, Er doped or Er/Yb co-doped fiber laser can be a good pump laser source because of their high power handling, large heat dissipation, excellent beam quality, and robustness. Thus, it is interesting to generate the near infrared SC spectra ranging from 1000 to 2500 nm with a flat spectral profile by using a fiber laser as the pump laser source. Moreover, the complex degree of first-order coherence can be defined at each wavelength in the SC by [28] 
where angular brackets denote an ensemble average over independently generated pairs of SC spectra ½E 1 ð; tÞ; E 2 ð:tÞ obtained from 60 independently simulations. The random quantum noise is added into the input pulse with one photon per mode [28] . In this paper, jg ð1Þ 12 j denoting jg ð1Þ 12 ð; t 1 À t 2 Þj at t 1 À t 2 ¼ 0 is used to investigate the wavelength dependence of the coherence. jg ð1Þ 12 j is a positive number that lies in the interval [0;1], where the value of 1 represents perfect coherence. As shown in Fig. 8(b) , the degree of the coherence is almost perfect 1 over the whole spectral range of the output SC spectrum but drops quickly and oscillating at the two sides. Consequently, the SC spectrum exhibits an excellent degree of coherence.
Moreover, Fig. 9 shows the spectrogram of the output pulse at the propagation distance of 0.1 m. One can see that the frequency components distribute monotonically across the pulse profile in the temporal domain due to the all normal flat dispersion in the fiber.
Furthermore, the SC spectra generated in the fibers with the different values of n a are shown in Fig. 10 . In order to estimate the flatness of the output spectrum, the parameter V s is defined as the difference between the maximum and minimum values of the spectral intensities in the wavelength range of 1000 to 2600 nm. The results show that the values of V s for the curves A, B, C, D and E are 2.13, 2.88, 3.82, 4.78, and 5.25 dB, respectively. The reason is that, when the wavelength bandwidth with the dispersion slope below 0.03 ps/nm 2 =km shifts toward the blue side as shown in Fig. 5(b) , the spectral energy of the pump pulse can be further transferred into the higher frequency components via the effects of FWM. For the given pump pulse at the wavelength of 1550 nm, the spectral broadening on the blue side results in the decrease of the spectral intensity and, then, the degradation of the spectral flatness over the wavelength range of 1000-2600 nm. Fig. 11 shows the output SC spectra when the radiuses r 1 , r 2 and r 3 are changed by AE2%, respectively. The corresponding dispersion curves and fiber parameters are identical to those in Fig. 4(a) . When the radiuses r 1 , r 2 , and r 3 increase by 2%, the values of V s are 2.90, 2.02, and 2.38 dB. When the radiuses decrease by 2%, the corresponding values of V s are 3.12, 2.24, and 2.04 dB, respectively. The results again show that when the parameters r 2 and r 3 are changed below AE2%, the influence of the deviations on the spectral flatness is negligible. In contrast, the AE2% changes of the radius r 1 result in increasing the values of V s by around 1 dB.
Conclusion
An approach based on the heavily Ge-doped step-index silica fiber is proposed to obtain the allnormal flat dispersion in the fiber. The heavily Ge-doped fiber with an appropriate choice of the parameters exhibits a flat normal dispersion profile in the spectral regime 1540-2600 nm. The corresponding values of the dispersion slope are between À0.0058 and 0.03 ps/nm 2 =km. Furthermore, the numerical results show that the flat-top SC spectrum ranging from 1000 to 2600 nm can be realized by launching the pump pulse with the central wavelength of 1550 nm in the fiber. The heavily Ge-doped fiber with a four-layer refractive index profile provides an easy way to obtain all-fiber coherent SC light source because of the simple fiber structure and the SC generation with the spectral width of more than one octave. Fig. 10 . SC spectra generated in the fiber with the length of 0.1 m and the spectrum of the pump pulse. The central wavelength of the pump pulse is 1550 nm with E 0 ¼ 25 nJ and T FWHM ¼ 100 fs. The fiber parameters for the five curves are identical to those in Table 1 . Fig. 11 . SC spectra generated in the fiber with the length of 0.1 m and the spectrum of the pump pulse. The central wavelength of the pump pulse is 1550 nm with E 0 ¼ 25 nJ and T FWHM ¼ 100 fs. The fiber parameters without the deviations are identical to those of curve A in Table 1 .
